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We exploit the ’t Hooft-Polyakov monopole to define closed algebra of the quantum field operators
and the BRST charge QBRST . In the first-class configuration of the Dirac quantization, by including
the QBRST -exact gauge fixing term and the Faddeev-Popov ghost term, we find the BRST invariant
Hamiltonian to investigate the de Rham-type cohomology group structure for the monopole system.
The Bogomol’nyi bound is also discussed in terms of the first-class topological charge defined on the
extended internal 2-sphere.
PACS numbers: 14.80.Hv; 11.10.Ef; 11.10.Lm; 11.30.-j; 11.40.Ex
Keywords: ’t Hooft-Polyakov monopole; BRST symmetry; de Rham-type cohomology; Bogomol’nyi bound;
Dirac quantization
I. INTRODUCTION
The Becchi-Rouet-Stora-Tyutin (BRST) [1] symmetries have been considerably studied in the constrained physical
systems on which many interesting physics phenomena in Nature are described. It is well known that the solitons and
monopoles [2] are subject to the second-class constraints which can be rigorously treated in the Dirac Hamiltonian
quantization scheme [3]. Despite all the past successes [4] of the quantization of the constrained physical systems
through the uses of the first-class configuration of the Dirac Hamiltonian formalism and its corresponding BRST
mechanism, there still does not exist a comprehensive understanding of the hidden geometry involved in the BRST
symmetry invariance of the constrained systems.
Since the Dirac monopole string [5] was proposed to quantize the electric charges of the particles of matter, there
has been lots of progress in understanding the properties of the magnetic monopole systems. It was shown in the
Wu-Yang monopole theory [6] that the interaction of the Dirac monopole with the electromagnetic field removes the
string line singularity inherent in the monopole. Recently the supersymmetric aspects of a charged particle were
investigated in the background of these monopoles [7]. Moreover, it was found that the charged particle in the Dirac
monopole background possesses the geometric features associated with cocyles [8]. For the unconstrained gauged
Yang-Mills theory, the BRST symmetry was also analyzed in terms of the cocycles and chiral anomaly [9].
In this paper, we will introduce the ’t Hooft-Polyakov monopole [10, 11] to yield its BRST charge, de Rham-type
cohomology and closed algebra of the quantum field operators. To do this, we will find the first-class Hamiltonian of
the monopole, since the ’t Hooft-Polyakov monopole is classified as the second-class system in the Dirac quantization
formalism. We will then define the monopole charge in the U(1) subgroup of the SU(2) gauge group in the first-
class configuration to investigate the Bogomol’nyi bound on the extended internal 2-sphere. We will next obtain the
explicit form of the BRST invariant Hamiltonian and discuss the geometric aspects of the corresponding de Rham-type
cohomology.
In Section II, we will consider the ’t Hooft-Polyakov monopole action to construct the closed algebra of its quantum
operators and the first-class Hamiltonian. In Section III, in the first-class configuration, we will study the monopole
charge defined in the U(1) subgroup of the SU(2) gauge group and the U(1) gauge invariant electromagnetic fields,
and discuss the Bogomol’nyi bound of the first-class static energy of the ’t Hooft-Polyakov monopole. By including
the ghost fields, we will then construct the BRST invariant ’t Hooft-Polyakov monopole Hamiltonian and define the de
Rham-type cohomology group. In Section IV, we will summarize our results with some comments, and in Appendix
A we will list the first-class canonical variables.
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2II. CLOSED ALGEBRA OF QUANTUM OPERATORS AND FIRST-CLASS HAMILTONIAN
In this section, in the Dirac quantization formalism, we will construct the closed algebra of the quantum operators
and the first-class Hamiltonian of the ’t Hooft-Polyakov monopole whose Lagrangian is given by [10, 11],
L0 =
∫
d3x
[
−
1
4
GaµνG
aµν +
1
2
Dµφ
aDµφa −
1
4
λ(φaφa − F 2)2
]
, (2.1)
where Aaµ (a=1, 2, 3) and φ
a are the SU(2) non-abelian gauge fields and the real scalar Higgs fields, respectively. The
field strengths of Aaµ and the covariant derivatives of φ
a are defined as
Gaµν = ∂µA
a
ν − ∂νA
a
µ + gǫ
abcAbµA
c
ν ,
Dµφ
a = ∂µφ
a + gǫabcAbµφ
c. (2.2)
Using the Lagrangian (2.1), we readily obtain the equations of motion for the fields (φa, Aaµ) [10, 11]
DµG
aµν − gǫabc(Dνφb)φc = 0,
DµD
µφa + λ(φaφa − F 2)φa = 0. (2.3)
The canonical momenta (πa, πaµ) conjugate to (φ
a, Aaµ) are given by
πa = D0φ
a, (2.4)
πai = G
a
0i, (2.5)
πa0 = 0. (2.6)
We also obtain the canonical momentum πλ conjugate to the real scalar multiplier field λ given by
πλ = 0. (2.7)
Exploiting the above momenta and the Legendre transformation, we obtain the Hamiltonian
H =
∫
d3x
[
1
2
πaπa +
1
2
πai π
a
i +
1
2
Diφ
aDiφ
a +
1
4
GaijG
a
ij +
1
4
λ(φaφa − F 2)2
]
, (2.8)
where we have used the gauge condition Aa0 = 0 [10, 11]. The canonical variables are subject to the non-vanishing
Poisson brackets
{φa(x), πb(y)} = δabδ3(x− y),
{Aaµ(x), π
b
ν(y)} = δ
abδµνδ
3(x− y),
{λ(x), πλ(y)} = δ
3(x− y). (2.9)
By implementing the Dirac quantization scheme [3], we find that our Hamiltonian system is subject to the following
second-class constraints
Ω1 = φ
aφa − F 2 ≈ 0, (2.10)
Ω2 = φ
aπa ≈ 0. (2.11)
Here one notes that, in fact, the time evolution of the identity (2.7) yields the constraint (2.10). Moreover, the identities
(2.6) and (2.7) are easily shown to be the trivial first-class constraints decoupled from our system of interest. With
ǫ12 = −ǫ21 = 1 this second-class constraint algebra is given by
∆kk′ (x, y) = {Ωk(x),Ωk′ (y)} = ǫ
kk′φaφaδ3(x− y). (2.12)
Next, we consider the Dirac brackets defined as
{A(x), B(y)}D = {A(x), B(y)} −
∫
d3z d3z′{A(x),Ωk(z)}∆
−1
kk′ (z, z
′){Ωk′(z
′), B(y)}, (2.13)
3where ∆−1kk′ is the inverse of ∆kk′ in (2.12). Using the definition (2.13) and performing the canonical quantization
scheme i{A,B}D → [Aop, Bop] we find the non-vanishing quantum operator commutators of the variables
[φa(x), πb(y)] = i
(
δab −
φaφb
φcφc
)
δ3(x− y),
[πa(x), πb(y)] =
i
φcφc
(
φbπa − φaπb
)
δ3(x− y),
[Aaµ(x), π
b
ν(y)] = iδ
abδµνδ
3(x− y),
[λ(x), πλ(y)] = iδ
3(x− y), (2.14)
where the canonical quantum operators are given by
πa = −i
(
δab −
φaφb
φcφc
)
∂φb ,
πaµ = −i∂Aaµ , πλ = −i∂λ. (2.15)
We also find the closed algebra
[Sa, Sb] = ǫabcSc,
[Sa, T b] = ǫabcT c,
[T a, T b] = 0, (2.16)
where
Sa =
∫
d3x iǫabcπbφc,
T a =
∫
d3x iφa. (2.17)
Following the Hamiltonian quantization scheme for constrained systems [3, 4, 12, 13, 14], we proceed to convert the
second-class constraints Ωi = 0 (i = 1, 2) into the first-class ones. For this we introduce two canonically conjugate
Stu¨ckelberg fields (θ, πθ) with Poisson bracket
{θ(x), πθ(y)} = δ
3(x− y). (2.18)
The strongly involutive first-class constraints Ω˜i are constructed as a power series of the Stu¨ckelberg fields to yield
Ω˜1 = Ω1 + 2θ,
Ω˜2 = Ω2 − φ
aφaπθ, (2.19)
and their commutator is given by
{Ω˜i, Ω˜j} = 0. (2.20)
In general, following the Dirac quantization scheme, we can construct the first-class constraints satisfying the Lie
algebra
{Ω˜i, Ω˜j} = C
k
ij Ω˜k. (2.21)
Since the first-class constraints are strongly zero to yield {Ω˜i, Ω˜j}|phy〉 = 0 from (2.21), one does not have any
difficulties in construction of the quantum commutators and in quantization of the given monopole system. In that
sense, one has degrees of freedom in taking a set of the first-class constraints. For instance, the first-class constraints
Ω˜i in (2.19) are a specific choice with C
k
ij = 0. In fact, the sets of the first-class constraints form an equivalent family
governed by the SO(2) group [15].
Next, after some tedious algebra, we construct the first-class Hamiltonian of (2.8) in terms of the original fields
H˜ =
∫
d3x
[
1
2
(πa − φaπθ) (π
a − φaπθ)
φcφc
φcφc + 2θ
+
1
2
πai π
a
i +
1
2
Diφ
aDiφ
a φ
cφc + 2θ
φcφc
+
1
4
GaijG
a
ij
+
1
4
λ(φaφa − F 2 + 2θ)2
]
. (2.22)
4We note that this Hamiltonian is strongly involutive with the first-class constraints,
{Ω˜i, H˜} = 0. (2.23)
When we consider the time evolution of the constraint algebra, as determined by computing the Poisson brackets of
the constraints with the Hamiltonian (2.22), we readily see from the Poisson bracket {Ω˜1, H˜} = 0 that we need to
improve the Hamiltonian into the following, equivalent first-class Hamiltonian,
H˜ ′ = H˜ +
∫
d3x πθΩ˜2. (2.24)
In fact, this improved Hamiltonian generates the constraint algebra
{Ω˜1, H˜
′} = 2Ω˜2,
{Ω˜2, H˜
′} = 0. (2.25)
Since the Hamiltonians H˜ and H˜ ′ only differ by a term which vanishes on the constraint surface, they lead to an
equivalent dynamics on the constraint surface. Finally, the first-class canonical variables are explicitly constructed
and listed in Appendix A.
III. MONOPOLE CHARGE, BRST SYMMETRY AND DE RHAM-TYPE COHOMOLOGY
In this section, we will investigate the de Rham-type cohomology group structure for the ’t Hooft-Polyakovmonopole
system, after constructing its first-class monopole charge and BRST charge. To do this, we first revisit the original ’t
Hooft-Polyakov monopole Lagrangian in (2.1) to consider the monopole charge which is defined in the U(1) subgroup
of the SU(2) gauge group. The U(1) gauge invariant electromagnetic fields Fµν are defined as [10, 11]
Fµν = φ¯
aGaµν −
1
g
ǫabcφ¯aDµφ¯
bDν φ¯
c, (3.1)
and the topological current kµ is also defined as [16]
kµ = −
1
8π
ǫµνρσǫabc∂ν φ¯
a∂ρφ¯
b∂σφ¯
c, (3.2)
where the rescaled real scalar Higgs fields are given by
φ¯a =
φa
(φcφc)1/2
. (3.3)
Exploiting the conformal map condition
φ¯aDµφ¯
a = φ¯a∂µφ¯
a = 0, (3.4)
one readily checks that the dual equations of motion for the electromagnetic fields Fµν in (3.1) yield
1
2
ǫµνρσ∂νFρσ =
4π
g
kµ, (3.5)
from which the magnetic monopole charge m is given by
m =
1
g
∫
d3x k0 =
1
g
Qtop. (3.6)
Here Qtop is the topological charge to be discussed later.
Next, we return to the first-class physical system described in the previous section. In this configuration, the
first-class topological current is given by
k˜µ = −
1
8π
ǫµνρσǫabc∂ν φ¯
a∂ρφ¯
b∂σφ¯
c
(
φcφc + 2θ
φcφc
)3/2
. (3.7)
5Here we have used the first-class rescaled fields ˜¯φ
a
defined as
˜¯φ
a
= φ¯a
(
φcφc + 2θ
φcφc
)1/2
, (3.8)
which satisfies
˜¯φ
a ˜¯φ
a
− 1 = 0. (3.9)
Exploiting the antisymmetric property of ǫµνρσ in (3.2) and (3.7), one readily check the following divergence
∂µk˜
µ = 0, (3.10)
as in the second-class case: ∂µk
µ = 0. Moreover, the first-class magnetic monopole charge m˜ is given by
m˜ =
1
g
Q˜top, (3.11)
where the first-class topological charge Q˜top is given by
Q˜top =
1
4π
∫
S˜2
(int)
dA˜(int)a
˜¯φ
a
, (3.12)
where A˜(int) is the surface of a unit 2-sphere S˜2(int). Here one notes that Q˜top yields the winding number in the
map: S2(phy) → S˜
2
(int), where S
2
(phy) and S˜
2
(int) are the 2-sphere compactified at infinity in the physical coordinate
space and the other 2-sphere of unit radius in the extended internal space of ˜¯φ
a
satisfying the first-class constraint
(3.9), respectively, associated with the homotopy group π2(S˜
2) = Z. In the second-class configuration, the topological
charge Qtop is described by the winding number in the map: S
2
(phy) → S
2
(int), where S
2
(int) is the 2-sphere of unit radius
in the internal space of φ¯a with φ¯aφ¯a − 1 ≈ 0. The static conserved energy E of the ’t Hooft-Polyakov monopole in
the first-class configuration, corresponding to the static limit of the first-class Hamiltonian H˜ in (2.22) with λ˜ = 0, is
now given in terms of the Q˜top
E =
∫
d3x
1
4
(
G˜aij − ǫijkD˜
kφ˜a
)2
+
4πF
g
Q˜top, (3.13)
where the first-class variables G˜aij and D˜kφ˜
a are obtainable from Appendix A. For a given Q˜top-sector, the static
energy E has the Bogomol’nyi lower bound 4πFg Q˜top when the variables satisfy the condition
G˜aij = ǫijkD˜
kφ˜a. (3.14)
Now, in order to investigate the de Rham-type cohomology group structure for the ’t Hooft-Polyakov monopole sys-
tem, we proceed to implement the covariant Batalin-Fradkin-Vilkovisky formalism [17]. We start by the construction of
the nilpotent BRST operator, by introducing two canonical sets of ghost number η = 1 field and ghost number η = −1
field (Ci, P¯i), (P
i, C¯i) and the ghost number η = 0 auxiliary fields (N
i, Bi), which satisfy the (anti)commutators,
{Ci(x), P¯j(y)} = {P
i(x), C¯j(y)} = {N
i(x), Bj(y)} = δ
i
jδ
3(x− y) (i = 1, 2). (3.15)
Here the super-Poisson bracket is defined as
{A,B} =
δA
δq
|r
δB
δp
|l − (−1)
ηAηB
δB
δq
|r
δA
δp
|l (3.16)
where ηA is the ghost number in A and the subscript r and l denote right and left derivatives, respectively.
The BRST operator for our constraint algebra is then simply given by
QBRST =
∫
d3x (CiΩ˜i + P
iBi). (3.17)
We choose the unitary gauge with
χ1 = Ω1, χ
2 = Ω2 (3.18)
6by selecting the gauge fixing functional
Ψ =
∫
d3x (C¯iχ
i + P¯iN
i). (3.19)
One can now readily see that QB is nilpotent
Q2BRST = {QBRST , QBRST } = 0, (3.20)
and QBRST is the generator of the infinitesimal BRST transformations
δQBRSTφ
a = −C2φa, δQBRST π
a = 2C1φa + C2(πa − 2φaπθ),
δQBRSTA
a
µ = 0, δQBRST π
a
µ = 0,
δQBRET θ = C
2φaφa, δQBRST πθ = 2C
1,
δQBRST C
i = 0, δQBRST P¯i = Ω˜i,
δQBRSTP
i = 0, δQBRST C¯i = Bi,
δQBRSTN
i = −P i, δQBRSTBi = 0,
δQBRSTλ = 0.
(3.21)
Furthermore, the first-class Hamiltonian H˜ in (2.22) is QBRST -closed
δQBRST H˜ = {QBRST , H˜} = 0, (3.22)
and
δQBRST {QBRST ,Ψ} = {QBRST , {QBRST ,Ψ}} = 0, (3.23)
which follows from the nilpotency of the charge QBRST . The gauge fixed BRST invariant Hamiltonian is now given
by
Heff = H˜
′′ − {QBRST ,Ψ}, (3.24)
H˜ ′′ = H˜ +
∫
d3x
(
πθΩ˜2 − 2C
1P¯2
)
, (3.25)
with H˜ defined in (2.22). In order to guarantee the BRST invariance of Heff , we have included in Heff of (3.24)
the QBRST -exact term, and in H˜
′′ of (3.25) the term associated with πθ in H˜
′ in (2.24) and the Faddeev-Popov
ghost term [18]. In fact, the term {QBRST ,Ψ} fixes the particular unitary gauge corresponding to the fixed point
(θ = 0, πθ = 0) in the gauge degrees of freedom associated with two dimensional manifold described by the internal
phase space coordinates (θ, πθ), which physically speaking are two canonically conjugate Stu¨ckelberg fields.
In general, by introducing the BRST operator
QBRST : ωp → ωp+1, (3.26)
where ωp is a ghost number p-form with ηωp = p, we define the p-th de Rham-type cohomology group H
p(M,R) of
the manifold M and the field of real number R with the following quotient group
Hp(M,R) =
Zp(M,R)
Bp(M,R)
. (3.27)
Here Zp(M,R) are the collection of all QBRST -closed ghost number p-forms ωp for which QBRSTωp = 0 and B
p(M,R)
are the collection of all QBRST -exact ghost number p-forms ωp for which ωp = QBRSTωp−1.
For the case of the first-class Hamiltonian in (3.25), the Hamiltonians Heff and H˜
′′ are readily shown to be QBRST -
closed as in the case of QBRSTΨ = {QBRST ,Ψ}. With these ghost number 0-forms, we define the Z
0(M,R) with M
being the monopole Hilbert space and R being the real field. Since Ψ is the ghost number (−1)-form and QBRSTΨ
is QBRST -exact ghost number 0-form, we also define the B
0(M,R). Moreover, the ghost number 0-form Heff is
deformed into the other ghost number 0-form H˜ ′′. In other words, Heff is homologous to H˜
′′ under the BRST
transformation QBRST , Heff ∼ H˜
′′, since QBRSTΨ = H˜
′′ − Heff . With these Z
0(M,R) and B0(M,R), we define
the 0-th de Rham-type cohomology group H0(M,R) for the ’t Hooft-Polyakov monopole system.
Finally, after the path integral algebra related to the evaluation of the Legendre transformation of Heff , we arrive
at the manifestly covariant BRST improved Lagrangian
Leff = L0 + LWZ + Lghost (3.28)
7where L0 is given by (2.1) and
LWZ =
∫
d3x
[
θ
φaφa
Dµφ
aDµφa − λθ(φaφa − F 2 + θ)−
F 2
2(φaφa)2
DµθD
µθ
]
,
Lghost =
∫
d3x
[
−
1
2F 2
(φaφa)2(B2 + 2C¯2C
2)2 −
1
φaφa
DµθD
µB2 +DµC¯2D
µC2
]
. (3.29)
The Lagrangian Leff in (3.28) can be readily shown to be a covariant form of the ’t Hooft-Polyakov monopole
Lagrangian in (2.1). Here, we note that the canonical fields (φa, Aaµ, λ) in Leff are unconstrained ones and the
Stu¨ckelberg field θ becomes a nontrivial propagating field. The BRST gauge fixed effective Lagrangian (3.28) is
readily shown to be manifestly invariant under the following BRST transformations,
δǫφ
a = ǫφaC2, δǫA
a
µ = 0,
δǫλ = 0, δǫθ = −ǫφ
aφaC2,
δǫC¯2 = −ǫB2, δǫC
2 = δǫB2 = 0,
(3.30)
where ǫ is an infinitesimal Grassmann valued parameter.
IV. CONCLUSIONS
In conclusion, we have found the closed algebra of the quantum operators in the the ’t Hooft-Polyakov monopole
using the Dirac brackets of the Dirac Hamiltonian formalism. Next, in the first-class configuration, we have constructed
the first-class monopole charge in the U(1) subgroup of the SU(2) gauge group to discuss the Bogomol’nyi bound
defined on the extended internal 2-sphere. We then have included theQBRST -exact gauge fixing term and the Faddeev-
Popov ghost term in the first-class Hamiltonian to define the BRST symmetries and the de Rham-type cohomology
group for the monopole system.
The cohomology group structure discussed in this paper is generic property shared by the constrained physical
systems, such as the monopoles, Skyrmion model, CP(n) model, O(n) model, and so on [4]. In these models, the fields
φa satisfy the geometric constraint of the typical form φaφa−F 2 ≈ 0. Using the time evolution of this constraint, we
construct the second-class constraints of the models, which can be converted into the first-class systems in the Dirac
Hamiltonian quantization by introducing the Stu¨ckelberg fields. Next by including the ghost degrees of freedom in
the constrained models, we can discuss the BRST symmetries and also define the de Rham-type cohomology group as
in this ’t Hooft-Polyakov monopole system. In the future studies, it will be interesting to discuss the generic features
of the cocycles involved in the constrained physical systems.
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APPENDIX A: FIRST-CLASS CANONICAL VARIABLES
We construct the first-class canonical variables F˜ = (φ˜a, π˜a, A˜aµ, π˜
a
µ, λ˜, π˜λ), associated with the original variables
F = (φa, πa, Aaµ, π
a
µ, λ, πλ), in the extended phase space. These variables are obtained as a power series in the
Stu¨ckelberg fields (θ, πθ), by demanding that they are in strong involution with the first-class constraints (2.19),
{Ω˜i, F˜} = 0. (A.1)
After some algebra similar to the case of the first-class Hamiltonian, we obtain for the first-class canonical variables
φ˜a = φa
(
φcφc + 2θ
φcφc
)1/2
,
π˜a = (πa − φaπθ)
(
φcφc
φcφc + 2θ
)1/2
,
A˜aµ = A
a
µ, π˜
a
µ = π
a
µ,
λ˜ = λ, π˜λ = πλ. (A.2)
8Next, we find for the Hamiltonian in (2.22)
H˜ =
∫
d3x
[
1
2
π˜aπ˜a +
1
2
π˜ai π˜
a
i +
1
2
D˜iφ˜
aD˜iφ˜
a +
1
4
G˜aijG˜
a
ij +
1
4
λ˜(φ˜aφ˜a − F 2)2
]
, (A.3)
where the first-class variables are given above and
D˜iφ˜
a = Diφ
a
(
φcφc + 2θ
φcφc
)1/2
,
G˜aij = G
a
ij . (A.4)
[1] C. Becchi, A. Rouet and R. Stora, Ann. Phys. 98, 287 (1976); I.V. Tyutin, Lebedev Preprint 39 (1975) unpublished.
[2] Rajaraman, Soliton and Instanton (North-Holland, Amsterdam, 1984), and references therein.
[3] P.A.M. Dirac, Lectures on Quantum Mechanics (Yeshiba University Press, New York, 1964).
[4] S.T. Hong and Y.J. Park, Phys. Rep. 358, 143 (2002), and references therein.
[5] P.A.M. Dirac, Proc. R. Soc. A133, 60 (1931).
[6] T.T. Wu and C.N. Yang, Phys. Rev. D14, 437 (1976).
[7] S.T. Hong, J. Lee, T.H. Lee and P. Oh, Phys. Rev. D72, 015002 (2005); Phys. Lett. B628, 165 (2005); JHEP 02, 036
(2006); Mod. Phys. Lett. A22, 1481 (2007).
[8] B. Grossman, Phys. Lett. B152, 93 (1985).
[9] L. Baulieu, B. Grossman and R. Stora, Phys. Lett. B180, 95 (1986).
[10] G. ’t Hooft, Nucl. Phys. B79, 276 (1974).
[11] A.M. Polyakov, JETP Lett. 20, 194 (1974).
[12] L.D. Faddeev and S.L. Shatashvili, Phys. Lett. B167, 225 (1986).
[13] I.A. Batalin and E.S. Fradkin, Phys. Lett. B180, 157 (1986); I.A. Batalin and E.S. Fradkin, Nucl. Phys. B279, 514 (1987);
I.A. Batalin and I.V. Tyutin, Int. J. Mod. Phys. A6, 3255 (1991).
[14] A.J. Niemi, Phys. Lett. B213, 41 (1988).
[15] S.T Hong, Y.J. Park, K. Kubodera and F. Myhrer, Mod. Phys. Lett. A16, 1361 (2001).
[16] J. Arafune, P.G.O. Freund and C.J. Goebel, J. Math. Phys. 16, 433 (1975).
[17] E.S. Fradkin and G.A. Vilkovisky, Phys. Lett. B55, 224 (1975); M. Henneaux, Phys. Rep. 126, 1 (1985).
[18] L.D. Faddeev and V.N. Popov, Phys. Lett. B25, 29 (1967).
